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N2.  (B) Mn
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 sediment slurry incubations.  
The rate was calculated using the initial production of 
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treatment.  The data from the model is labeled in solid lines, while the actual 











Fixed nitrogen is important as nutrient for organic matter formation and as 
electron donor (nitrification) and acceptor (denitrification) for energy generation, but it is 
scarcely available in aquatic systems.  Nitrification oxidizes ammonium to nitrite and 
nitrate.  Denitrification uses these fixed species to form dinitrogen gas.  The classic 
understanding of the nitrogen cycle requires dissolved oxygen for nitrification and 
anaerobic conditions for a denitrification pathway that reduces nitrate through various 
intermediates.  The global nitrogen budget is imbalanced with more marine 
denitrification measured than estimated in the classic nitrogen cycle, suggesting 
alternative pathways exist.  One alternative denitrification pathway is anammox, which 
directly oxidizes ammonium to dinitrogen with nitrite as the electron acceptor.  Other 
alternative pathways for both nitrification and denitrification involve redox metals as 
catalysts.  Manganese-catalyzed anaerobic nitrification and denitrification are 
thermodynamically favorable at neutral pH.  However, experimental evidence for these 
processes is still lacking.  This investigation seeks to uncover evidence of manganese-
catalyzed nitrification and denitrification in salt marsh sediments.  
Batch reactors with anaerobic sediment slurries from a salt marsh in coastal 
Georgia were incubated in the presence and absence of colloidal manganese oxides and 
isotope-labeled ammonium and nitrate to trace dinitrogen formation. Ammonium 
removal in the manganese-treated reactors is accompanied by a high nitrite production 
compared to the nitrogen-only treatment, indicating manganese-catalyzed nitrification 
exists.  Results show that denitrification is more prominent in the manganese-treated 
 xii
reactors and that the classic heterotrophic denitrification pathway may not be substantial 
in shallow salt marsh sediments.  These data indicate that anammox and/or manganese-
coupled denitrification are major contributors to the removal of nitrite and nitrate. 
These data show that manganese may play a role in the cycling of nitrogen in salt 
marsh sediments.  Primary productivity is generally high in salt marshes, but oxygen 
penetrates less than a few millimeters in the sediment.  Therefore, these observations 
suggest that oxygenic nitrification does not fuel denitrification below the sediment-water 
interface.  Manganese-catalyzed nitrification allows formation of nitrite and nitrate in 
otherwise oxygen-limited sediments.  The global nitrogen budget may be better 
constrained by incorporating these manganese-catalyzed anaerobic pathways.  Though 
these processes will not completely balance the nitrogen cycle alone, evidence for 
manganese-catalyzed nitrogen cycling indicates that other redox-active metals, such as 






 Fixed nitrogen is an important nutrient in the global system both for 
energy and organic matter generation.  The cycling of nitrogen is then essential to 











 are formed through nitrification, the process of oxidizing NH4
+
, 
classically requiring oxygen (Hulth et al. 1999).  Ammonium-oxidizing bacteria reduce 
oxygen to transform ammonium into nitrite (Madigan et al. 2003): 
                                           +−+ ++→+ H2OHNOO
2
3
NH 2224                                     (1.1) 
While Eq. 1.1 is the overall reaction involved in formation of nitrite, it is a simplistic and 
slightly deceiving view.  Bacteria cannot directly oxidize ammonium.  Ammonium must 
first be activated in the cells before oxidation.  For nitrite formation, NH4
+
 is activated to 
hydroxylamine (NH2OH) by ammonia monooxygenase (AMO) through O2 reduction.  
NH2OH is oxidized to NO2
-
 by hydroxylamine oxidoreductase, releasing electrons to 
cytochromes.  The cytochromes divide the electrons with two transported to reduce 
another O2 to H2O and two transported to AMO to complete the cycle.  The oxidation 
steps release H
+
, which are pumped to ATPase to form ATP.   
Nitrite-oxidizing bacteria then reduce oxygen to oxidize nitrite to nitrate 
(Madigan et al. 2003): 
                                                       −− →+ 322 NOO
2
1
NO                                               (1.2) 
 2 
Similarly, Eq. 1.2 is also a simplistic view of nitrite oxidation.  First, NO2
-
 is oxidized to 
NO3
-
 by nitrite oxidoreductase (NOR).  The electrons are pumped through cytochromes 
to reduce O2 to H2O.  H
+
 is pumped to ATPase to form ATP. 
As a result of nitrification reactions, sediment profiles of nitrate and nitrite display 
maximum concentration at the oxic/anoxic interface and an exponential decrease with 
depth (Thamdrup and Dalsgaard 2000).  These exponential profile decreases are 
attributed to the removal of nitrite and nitrate through heterotrophic denitrification 
(Froelich et al. 1979, Thamdrup and Dalsgaard 2000). 
Ammonium and nitrate are also integrated into organic matter through 
assimilation (Madigan et al. 2003).  Growth by organisms requires nitrogen (ammonium 
and nitrate) which is incorporated in biomass. 
Denitrification is the pathway through the electron transport chain that reduces 
nitrate to dinitrogen through a series of intermediate nitrogen compounds (Madigan et al. 
2003).  Nitrate is first reduced to nitrite with the nitrate reductase, and then further 
reduced to nitrogen monoxide, nitrous oxide, and finally dinitrogen gas, each step 
corresponding to its own reductase protein (Madigan et al. 2003).  The dinitrogen gas 
recirculates into the nitrogen cycle through nitrogen fixation – the reduction of dinitrogen 
gas back to ammonium.   
Nitrogen fixation is not the only pathway for NH4
+
 production.  Ammonification 
is the pathway of NH4
+
 release into solution from organic matter degradation (Madigan et 
al. 2003).  Also, NH3 is produced through anaerobic respiration on NO2
-
 (Takeuchi 2006, 
Mohan et al. 2004).  NH4
+
 sediment profiles show NH4
+
 production at depth with the 
production attributed mainly to ammonification.  The entire classic nitrogen cycle is 
represented in Figure 1.1. 
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Figure 1.1:  The classic nitrogen cycle.  NO3
-
 is produced solely through oxidation by O2.  








 occur in different organisms.  
Denitrification requires the NO3
-
 to reduce back to NO2
-
 before following the rest of the 
classic denitrification chain.  The entire denitrification process occurs in a single 









In the classic nitrogen cycle, a global nitrogen budget can be calculated from rates 
measured in incubated sediment for nitrification (Sutka et al. 2004; Welsh and Castadelli 
2004) and denitrification (Devol et al. 1997; Jones et al. 2000) and reservoir sizes from 
measured concentrations in pore water profiles (Froelich et al 1979; Anschutz et al. 2000; 
Thamdrup and Dalsgaard 2000; Deflandre et al. 2002) and ocean water column (Plus et 
al. (2003)).  From these calculations, the nitrogen budget is imbalanced.  Higher 
denitrification rates and lower concentrations of NOx
-
 in the global oceans are measured 
than accounted for by the nitrogen budget (Middelburg et al. 1996).  This imbalance 
implies that alternative pathways must exist in the nitrogen cycle.   
One such pathway that was recently discovered is anammox – anaerobic 
ammonium oxidation (Figure 1.2).  The anammox process consists of bacteria that 
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 as the electron donor (Jetten et al. 
1999): 
                                           OH2NNONH 2224 +→+
−+                                                (1.3) 









2234                                      (1.4) 
Similar to the nitrification processes, Eq. 1.3 and 1.4 are only net reactions occurring in 
the anammox organisms.  For Eq. 1.3, NH3 combines with NH2OH to form hydrazine 
(N2H4) and H2O by hydrazine hydrolase (HH).  N2H4 is oxidized to N2 releasing H
+
 and 
electrons through hydrazine oxidoreductase (HZO).  H
+
 is pumped to ATPase to form 
ATP, and the electrons are pumped to nitrite reductase to reduce NO2
-
 to NH2OH to 
complete the cycle.   
Nitrite is the preferred oxidized nitrogen species for anammox, since is requires a 
simple one to one ratio between ammonium and nitrite, but the nitrate pathway is also 
prominent in marine sediments (Thamdrup and Dalsgaard 2002).  The process was first 
discovered in wastewater treatment plants when ammonium was disappearing from an 
anaerobic denitrifying bed reactor (Mulder et al. 1995).  It was soon after discovered to 
happen in coastal ocean and continental shelf sediments and water column (Kuypers et al. 
2003; Dalsgaard et al. 2003; Vance-Harris and Ingall 2005) and marine estuaries 
(Trimmer et al. 2003; Risgaard-Petersen et al. 2004). 
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Figure 1.2: The classic nitrogen cycle plus anammox.  The two known anammox 




Another alternative pathway hypothesized is redox metal (Fe and Mn) catalysis of 
nitrification and denitrification.  Thermodynamically, Fe and Mn could be used by 
autotrophic organisms to reduce nitrate (Luther et al. 1997) and expand the number of 
organisms that could denitrify: 
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3                            (1.7) 
In addition, thermodynamics show that nitrification processes could also be catalyzed by 
Mn (Luther et al. 1997) in nitrifying bacteria.  The interest in Mn-catalyzed nitrification 
is that nitrification could occur anaerobically: 
                             OH5NOMn4H6NHMnO4 23
2
42 ++→++
−+++                             (1.8) 
                                OHNOMnH2NOMnO 23
2
22 ++→++
−++−                                (1.9) 
 6 
Iron coupling (Eq. 1.5) has already been discovered in freshwater sediments (Straub et al. 
1996; Straub et al. 1998) through isolation of bacterial strains and incubations, but 
evidence is still lacking for manganese coupling to the nitrogen cycle.  A schematic 
diagram of nitrification and denitrification catalyzed by manganese is shown in Figure 
1.3. 
 
Figure 1.3:  Schematic diagram of proposed Mn-catalyzed reactions involved in nitrogen 
cycling.  All reactions are labeled with the corresponding reduction or oxidation of Mn 





 Possible evidence for anaerobic nitrification appears in sediment depth profiles.  
Anschutz et al. (2000) used microelectrodes to measure redox metal species (Mn and Fe) 
and oxygen with high spatial resolution.  These profiles show oxygen removal in the first 




, measured after pore water extraction 
demonstrated high concentrations near the sediment-water interface (SWI) and 
exponential decreases that mimic the oxygen profile.  Nitrate and nitrite reappeared 
deeper at high concentrations.  Since the second nitrogen maximum correlated with a 
peak in Mn
2+
 concentrations, the authors hypothesized that this could be evidence for the 
 7 





 at the surface, an exponential decrease, and new peaks correlating 
with Mn
2+
 peaks at depth in anoxic sediments of the Saguenay Fjord in the St. Lawrence 
estuary. 
 Sediment incubations were also conducted to investigate metal catalysis in marine 
sediments.  Hulth et al. (1999) ran different types of incubations on sediment taken from 
Long Island Sound, USA, searching for the Mn-catalyzed nitrification pathway.  The first 
experiment was a “closed anoxic incubation” (Martens and Berner 1974), in which 
collected sediment was first mixed with and without a concentration of solid MnO2, and 
then added to air-tight sealed jars.  The jars were sealed in plastic bags and immersed in 
anoxic sediments.  The other experiment was a “diffusively open” incubation (Aller and 
Mackin 1989), in which plugs of sediment were open to constantly degassing anoxic sea 
water allowing exchange between the overlying water and the sediment.  No additions of 
manganese and nitrogen were included in the overlying water. 
 The closed incubations demonstrated more direct evidence of anoxic nitrification, 
since the only electron acceptor added was the solid MnO2.  Results of the “diffusively 
open” incubations were more ambiguous, as different terminal electron acceptors were 
available in the overlying water.  Because the data are not based solely on the shape and 
correlation of sediment profiles, these results are more direct evidence for Mn-catalyzed 
nitrification than the previously published pore water profiles (Anschutz et al. 2000, 
Deflandre et al. 2002).   
 The only other incubations published for anoxic nitrification are the incubations 
of Thamdrup and Dalsgaard (2000).  Cores were measured for geochemical profiles, and 
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anoxic sediment was incubated in gas-tight NEN/PE plastic bags using different 
inoculations.  One was amended with nitrate, one with ammonium, and one with 
ammonium and solid MnO2.  The bags were closed with no headspace and sealed in a 
dinitrogen atmosphere.  Thamdrup and Dalsgaard (2000) did not find evidence of anoxic 
nitrification in their incubations, but they speculated that the sediment composition, with 
the measured and added MnO2, and ammonium concentration were different enough 
from Hulth et al. (1999) to change the conditions for Mn-catalysis. 
 All of the manganese-catalyzed nitrification and denitrification reactions (Eq. 1.6 
– 1.9) are thermodynamically favorable at all pH values, but the specific nitrification 
reaction (Eq. 1.8) is only favorable at a pH value below 7.8 (Luther et al. 1997).  Ocean 
water has an average pH of 8.00, above the thermodynamically favorable zone, but most 
surface waters and pore waters of coastal sediments have lower pHs, suggesting that Eq. 
1.8 is favorable.  For example, Kostka et al. (2002) and Bull and Taillefert (2001) 
measured pH values ranging between 6.0 and 7.5 in salt marsh sediments.  Of course, 
thermodynamics is not the only factor controlling the probability of reaction.  Biological 
mediation could allow thermodynamically unfavorable reactions to proceed. 
 The organisms known to cycle nitrogen classically could also potentially cycle 
nitrogen through alternative pathways.  For example, the accepted mechanisms in the first 




 – use oxygen where the redox half 
reaction: 







−+                                          (1.10) 
 9 
has an electron potential of +0.81 V at pH 7 at standard state (Nordstrom and Munoz 
1994).  The alternative first nitrification step uses manganese reduction where the redox 
half reaction: 









+−+                               (1.11) 
has an electron potential of +0.46 V at pH 7 at standard state (Nordstrom and Munoz 
1994).  The classic ammonium oxidation step:  












224                                (1.12) 
requires +0.34V (Madigan et al. 2003).  Since Mn reduction contributes a high enough 
electron potential for the initial nitrification mechanism, ammonium-oxidizing bacteria 
could contain the machinery to contribute to anaerobic nitrification: 





















−+++                  (1.13) 
In an oxic environment, the bacteria would preferentially reduce oxygen as in classic 
nitrification, but in anoxic conditions, manganese is also a viable option, since it still 
contributes more energy than required for oxidation of ammonium to nitrite. 
 Mortimer et al. (2004) characterized different ammonia oxidizing bacteria 
throughout a sediment core from a fjord in Scotland searching for evidence of ammonia 
oxidizers at depth in anoxic sediments.  Pore water profiles revealed similar results to 





exponentially from the surface, then peaking again at depth in anoxic sediment.  16S 
RNA analyses showed strong signals for the various organisms, indicating diverse 
communities of ammonia oxidizing bacteria throughout the sediment profile.  The 
process was repeated on several cores with the same result.  The ammonia oxidizing 
 10 
community composition stayed roughly the same in the profile regardless of oxygen 
limitations.   
 Similar to the ammonium oxidizers above, the formal nitrifiers oxidize nitrite to 
nitrate.  Also similar to the ammonium oxidizing bacteria, nitrifiers use the electron 
transport chain to oxidize nitrite to nitrate and reduce oxygen to water.  Just as before, 
oxygen reduction has a higher electron potential of +0.81 V compared to +0.46 V for 
manganese reduction, but both are still higher than the energy needed for nitrite oxidation 
at standard state (+0.43 V): 









322                                (1.14) 
From the redox potentials, it appears that manganese can be used as the oxidant of nitrite 
in anaerobic sediments.  The kinetics of this reaction was studied chemically by Luther 
and Popp (2002) with the conclusion that it is unfavorable above a pH of 5.  These data 
confirm that this process must be biologically mediated. 
In this study, metal-catalyzed nitrification and denitrification reactions were 
investigated in sediment incubations to find definitive evidence of manganese influence 
in the nitrogen cycle.  Salt marsh sediments were selected according to the distribution of 
redox chemical species involved and incubated in sealed batch tube reactors to find 
evidence for Mn-catalyzed nitrification and denitrification.  It was found that nitrate and 
nitrite were produced anaerobically, and their production is correlated to the reduction of 
Mn-oxides.  Also, denitrification was more significant in sediments inoculated with Mn-
oxides than sediments without Mn-oxides.  These experiments provide the first evidence 
for the nature of Mn-catalyzed nitrogen cycling.  These conclusions could be used to 






Field measurements were conducted to select the best sediment layers for this 
study.  Incubations were performed using the optimal sediment to find evidence for Mn-
catalyzed nitrogen cycling. 
 
2.1  Study Site 
All sediment used in this study was collected from the Skidaway Institute of 
Oceanography (SkIO) salt marsh in Savannah, Georgia.  Figure 2.1 shows a map of the 
area, including all locations for mud and core collection used in this study: shallow 
sediment from summer of 2004 at the main tidal creek bank by Ellery Ingall’s laboratory 
group (Earth and Atmospheric Sciences, Georgia Tech), deeper sediment from summer 
of 2004 in a small tributary tidal creek, and shallow sediment from summer of 2005 at the 
main tidal creek bank. 
 
2.2  Evidence of N-Mn Coupling from Sediment Profiles 
A sediment core from the SKIO salt marsh was taken in June 2005 at the end of 
the boardwalk on the main tidal creek bank to find evidence of nitrification at depth 
(Figure 2.1).  The core was first processed voltammetrically then sliced to extract 
porewaters.  The core was sliced with 0.5 cm resolution in a glovebag under an anaerobic 
N2 atmosphere.  Each slice was centrifuged in 50 mL polypropylene Falcon tubes 
(Fisher).  The porewaters were separated for different analyses to be conducted back in 
the lab.  One mL of each porewater sample was acidified with 200 µL of 1 M HCl 


















Figure 2.1:  (a) Map of Skidaway Island (blue box) in relation to Savannah and the Georgia coast.  
(b) Close up of Skidaway Island indicated in red.  (c) View of the salt marsh study area with the locations 
of the sediment sampled in this study.  A boardwalk runs from the eastern freshwater inland to to the main 
tidal creek bank to the west.  The dark green regions indicate dense spartina grass; the light green regions 
indicate low spartina grass; and the yellow indicates areas without vegetation.  The area is characterized by 
two different environments – the mud flat (MF) and the creek bank (CB).  All sediments taken for this 
study came from CB.  The blue star indicates the location of sediment for the test incubation.  The red star 
indicates the shallow sediment location.  The yellow star indicates the deeper sediment location. 
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2.3  Salt Marsh Sediment Incubations 
In order to determine the importance of Mn in the cycling of nitrogen, sediment 
was incubated under varying conditions in batch tube reactors (BTR, total volume = 25 
mL).  The tubes and rubber stoppers were first triple acid-washed in trace-metal grade 
2% HCl (Fisher), then labeled and weighed. The tubes and stoppers were autoclaved 
(Consolidated Stills and Sterilizers) to minimize biological contamination.  Between 3 
and 5 mL of wet sediment was filled into a 5 mL syringe (Henke Sass Wolf GMBH, luer 
lock) with the end previously cut (Figure 2.2).   
 
 
Figure 2.2:  The 5 mL syringe with the end removed filled with 2 mL of 




The sediment was immediately injected into the BTR and closed with a rubber stopper.  
The tube was reweighed to determine the exact mass of wet sediment.  Specific solutions 
of artificial sea water (ASW) diluted to the salinity of the salt marsh were added to the 
reweighed tubes.  The tubes were mixed thoroughly for homogeneity of the sediment 
slurries in the beginning of the incubations, and the sediment was allowed to settle 
(Figure 2.3).  All tubes were kept in the dark at room temperature (Figure 2.4) until 
extracted. 
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The solution consisted of artificial marsh water (AMW) amended with NH4
+
 
and/or MnO2(c).  The artificial marsh water contained 55% ASW (Table 2.1) and 45% 
MilliQ water, giving a final salinity of 20 ‰.  Colloidal manganese oxides were made to 
fix the form of Mn oxides added through the chemical reaction (Fisher; Perez-Benito and 
Arias 1992): 
         OHK8Na6SO6MnO8H2OSNa3KMnO8 2
2
4)c(23224 ++++→++
++−+       (2.1)   
 
Table 2.1:  Artificial sea water (ASW) composition.  This solution has a salinity of    
36 ‰ and ionic strength of 0.73.  ASW was diluted to make AMW. 
ASW Species Concentration 
  
NaCl  0.43 M 
42SONa  29 mM 
KCl  11 mM 
OH6MgCl 22 ⋅  55 mM 
OH2CaCl 22 ⋅  11 mM 
3NaHCO  2.3 mM 
 
 
During each extraction, the raw samples were measured first voltammetrically.  
All BTR samples were then filtered (0.2 µm polyethersulfone membrane, Whatman) and 
divided between refrigerated acidified and frozen unacidified vials for later analyses.  
Samples were acidified with 200 µL 1 M HCl in 1.3 mL sample and later measured for 











Figure 2.3:  Filled and sealed BTR in holding rack.  Each numbered tube was 





Figure 2.4:  The holding rack was placed in a dark cabinet to avoid light 





2.3.1  Determination of Initial Concentrations 
A test incubation was conducted to determine the optimal N : Mn ratio in the 
inoculum used in the incubations with the SkIO salt marsh sediment.  BTR were filled 
with 5 mL sediment and 18 mL of solution.  Sediment was collected in the summer of 
2003 in the mouth of a small tributary tidal creek (Figure 2.1). 
The initial ratios of NH4
+
 : MnO2(c) were randomly selected to cover a wide 
distribution of previously measured concentrations in these particular sediments.  Initial 
bulk solutions of 2 mM NH4Cl (Fisher) and 1 mM MnO2(c) (Eq. 2.1) were diluted into 
AMW to ratios of 0.1, 0.5, 0.8, 1.0, 2.0, 5.0, and 10, respectively.  Samples were taken 
roughly once a week for 80 days.  Before 1 mL of solution was extracted, the tubes were 
remixed for homogeneity of the solution, and the sediment was allowed to resettle.  Mn
2+
, 
total dissolved Mn (Mnd), and NH4
+
 were the only species measured in these incubations.   
 





Three replicate incubations were conducted over 50 – 65 days to determine Mn 
influence on N cycling.  The same procedure for filling BTR was used but with 3 mL of 
sediment and 20 mL of solution.  The inoculum consisted of 800 µM 
15
NH4Cl (Fisher) 
and 160 µM MnO2(c) in AMW.  The 
15
N labeling allowed the NH4
+
 contribution to be 













Since the isotope analysis required a high volume of 10 – 15 mL of solution, two tubes 
were sacrificed for analysis roughly once a week for 50 days.  One tube went for isotopic 
analysis, and the other was divided for the other dissolved and solid phase analyses.  O2, 
Mn
2+








 were measured for each sample 
for all three incubations. 
Mn-catalysis was tested against the difference in redox zonations associated with 
depth.  Two incubations used shallow tidal creek sediment, while one incubation used 
deeper tidal creek sediment (Figure 2.1).  ΣNOx
-
 was measured for each sample in one of 
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the shallow sediment incubations with collaboration from Ingall’s laboratory.  The other 
shallow incubation included 160 µM MnO2(c), 800 µM NH4
+




 in the 
initial inoculum to trace heterotrophic denitrification (Section 2.3.4).  The samples in this 





.  The deeper tidal creek sediment did not include a 
NO3
-











Two incubations were also conducted to determine the nitrogen speciation in 
sediment slurry treatments without the addition of MnO2(c) in shallow and deep sediments 




 in AMW was inoculated.  The deeper sediments were from the 
tributary tidal creek bank, and the shallower sediments were from the main tidal creek 
bank (Figure 2.1).  The deeper incubation included the same measurements as the deeper 
















2.3.4  Heterotrophic Denitrification Incubation 
One incubation was conducted to test for heterotrophic denitrification in shallow 








, and       
160 µM MnO2(c) in AMW.  The nitrogen isotopes were switched compared to the 
previous incubations to test for production of 
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).  The full N and Mn speciation was conducted including O2, Mn
2+
, 















2.3.5  Control Incubations 
Each type of sediment, shallow and deeper tidal creek bank sediment, was tested 
for a background speciation in live control treatments.  AMW was added to the wet 




, or MnO2(c).  Full N and Mn speciations were 





3.1 Solid Phase Extractions 
Mn solid phases were extracted sequentially from the sediment.  Adsorbed Mn 
(Mnads) was first extracted, and then followed by the reactive amorphous Mn oxides 
(Mns).  All extractions were performed and measured in triplicate. 
 
3.1.1 Adsorbed Manganese(II) 
Mnads was measured by a simple ion exchange method (Tessier et al 1979).  One 
molar MgCl2·6H2O (Fisher) in MilliQ water was used to release the Mn adsorbed on the 
sediment surface.  Since Mg
2+
 has a higher affinity for sorbents than Mn
2+
, it was 
assumed that after an equilibration time, all the Mn
2+




                                           Mg:SMnMgMn:S 22 ≡+→+≡ ++                                  (3.1) 
The Mg
2+
 ion exchange technique also assumed that no MnCO3(s) was dissolved during 
the extraction process.  Other exchangeable ion reagents, such as Na-acetate, may attack 
and dissolve carbonates while releasing the exchangeable ions, causing a higher, 
inaccurate, Mnads value (Tessier et al. 1979).  Since the Mg
2+
 reaction is a simple ion 
exchange from loosely connected adsorbed species, the carbonates are left intact.  
Roughly 0.5 g of sediment was added to 10 mL of the exchange reagent.  Samples were 
mixed overnight then centrifuged.  The supernatant was acidified for later analysis of 





3.1.2 Amorphous Manganese Oxides 
Mns is measured by the same extraction process for Fe amorphous oxides.  Since 
Fe and Mn have similar chemical properties, an ascorbate extraction will release the Fe 
and Mn from both metals’ amorphous oxides (Anschutz et al 2000).  The reagent used in 
the extraction contained first 0.2 M Na-citrate (tribasic – Sigma-Aldrich) and 0.6 M 
NaHCO3.  Twenty g L
-1
 L-ascorbic acid (Fisher) was added to reach a final pH of 8.  The 
leftover supernatant from the Mnads extraction was removed from the samples before the 
second extraction. Ten mL of the ascorbate reagent was added, and the samples were 
mixed overnight then centrifuged.  The supernatant was collected and immediately 
measured for Mnd, since the reagent is buffered from acidification by the NaHCO3. 
 
3.2 Voltammetry 







, and ΣH2S in the batch tube reactor (BTR) supernatant.  The strength of 
voltammetry is the ability of the electrodes to measure in situ all of the above species in 
one scan with high spatial resolution and low detection limits (Taillefert and Luther 
2000).  All measurements were conducted using an Analytical Instrument Systems (AIS) 
Model DLK-60 or Model DLK-100 potentiostat with Au/Hg solid-state amalgam 
microelectrodes as working electrodes (Brendel and Luther 1995).  An Ag/AgCl 
electrode was used as the reference and a platinum wire was used as the counter 
electrode. 
The Au/Hg solid-state microelectrodes consisted of a 100-µm diameter Au wire 
sealed in epoxy into a 1/8” PEEK™ tube housing connected to the potentiostat by a 
copper conducting wire.  The Au wire was polished sequentially with 15, 6, 1, and ¼ µm 
diamond paste to provide a smooth, flat surface to hold Hg.  The electrode was then 
plated by reduction of Hg
2+
 at -0.1 V in a 0.1M Hg(NO3)2 solution in 2% HNO3.  The 
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electrode was finally polarized at -9 V for 90 seconds to provide an amalgam between the 
Au and Hg.   
Measurements were made by applying a time-varying potential between the 
working and reference electrodes.  The applied potential caused oxidation or reduction of 
different species at specific potentials (Table 3.1), and the resulting current was read at 
the counter electrode.   
 
 
Table 3.1:  Voltammetric half reactions and their reduction potentials at the Hg-plated gold wire surface 
(Brendel and Luther 1995). 
Reactions Ep (V) 
  
)Hg(OHHge2H2O 222 →+++
−+  -0.30 
)Hg(OH2e2H2)Hg(OH 222 →++
−+  -1.30 
  
−+− ++→+ e2HHgSHgHS  < -0.60  (adsorption) 
HgHSe2HHgS +↔++ −−+  -0.60 
  
)Hg(Fee2HgFe2 ↔++ −+  -1.43 
)Hg(FeHgeFe.org 23 +−+ ↔++  -0.2 to -0.9   (organic ligand dependent) 
  
)Hg(Mne2HgMn 2 ↔++ −+  -1.55 
 
 
The result was a potential versus current scan, showing peaks in current at specific 
potentials representing different dissolved species (Figure 3.1).  The specific 
voltammetric techniques used in this study included linear sweep voltammetry (LSV) for 
















A sensitivity test for the microelectrodes was conducted using LSV to measure 
dissolved O2 in artificial marsh water (AMW).  A more sensitive electrode will produce a 
higher O2 and H2O2 signal, giving a more defined O2 curve, while a less sensitive 
 22 
electrode will produce a lower signal and a less defined O2 curve (Figure 3.2).  A more 
O2 sensitive electrode will generally produce a more sensitive CSWV calibration.  The 
microelectrodes were first calibrated for O2 using LSV in air-equilibrated AMW.  The 
potential was applied, with a conditioning step of 10 s at -0.1 V, and scanned from -0.1 V 
to -1.75 V at a rate of 200 mV s
-1
.  The conditioning step cleaned the electrode surface, 
allowing more accuracy and reproducibility (Brendel and Luther 1995).  



































 were found in this sample.  All four species of interest 




















































Figure 3.2: Sample voltammograms for linear sweep oxygen runs.  (a) Sample of a well 
polished and plated PEEK™ electrode.  The O2 and H2O2 peaks are clear and distinct.  
(b) Sample of a poorly polished and plated PEEK™ electrode.  The O2 and H2O2 peaks 





 calibration of the microelectrodes was conducted in degassed AMW with a 
stock solution of 0.1 M MnCl2·4H2O (Fisher) at pH 2 in MilliQ water (Figure 3.3).  The 
Mn
2+
 voltammograms were obtained at the same potential range, scan rate, and 
conditioning step as the O2 calibration runs.  Increasing concentration of Mn
2+
 increases 
the current intensity.  Voltammetry displays a linear relationship between current 
intensity and concentration (Brendel and Luther 1995), allowing for easy calibrations.   

















































Figure 3.3: Mn calibration voltammograms and corresponding calibration curve.  The most 
accurate detection limit of Mn
2+
 in seawater by microelectrode is around 50 µM, so the calibration 
varied from 50 to 400 µM, plus a blank.  (a) Voltammograms for step-addition Mn calibration 
using volumes of MnCl2 at pH = 2.  Noise can interfere from external power surges or 
oversensitivity of the electrodes, though the integrated peaks still form a linear fit.  (b) Calibration 
curve with 2σ standard deviation from voltammograms in (a).  The noise from the runs did not 







 is the only required calibration, since the concentrations of Fe
2+
 and ΣH2S 
can be determined using the Pilot Ion technique (Brendel and Luther 1995).  Replicate 
calibrations of the different species showed a relationship between the slopes of the Mn
2+
 
calibration curve and the Fe
2+
 and ΣH2S calibration curves.  The slope of the Fe
2+
 
calibration curve is equivalent to 0.36 times the Mn
2+
 calibration slope, and the CSWV 
sulfide calibration slope equals 12.6 times the Mn
2+




 concentrations can currently not be quantified, and org-Fe
3+
 is usually reported as 
the current intensity in nA. 
For this study, the voltammetric measurements were conducted in the unacidifed, 
unfiltered sampling containers of the incubations’ supernatant with no dilution since the 
concentrations of Mn
2+
 were below or within the calibration range.  O2 measurements 
were conducted immediately after the stoppers were removed to ensure anaerobic 
conditions were maintained throughout the incubations. 
 
3.3  Ion Chromatography (IC) 





IC holds similar strengths to voltammetry, though the measurements are ex situ.  IC also 
measures multiple species in one run at low detection limits, but through ion separation in 
a column.  The method used was based on the method created by Rozan and Luther 
(2002).  All measurements were performed with an ion chromatograph (Dionex, DX-300 
Series) with an Alltech Anion/R 10 µm (150 x 4.6 mm) chromatography column and 
Alltech All-Guard Anion/R 7.5mm x 4.6 mm guard.  The detector used was a Gilson 155 
UV/Vis Detector with UV absorbance detection of 220 nm.  Samples were pumped 
through a Dionex GP50 pump at 2 mL min
-1





 were separated before flowing to the detector.   
The eluent used was 2.5 mM NaClO4 (Sigma) in MilliQ water adjusted to pH 10.  
This eluent produced the best separation of peaks based on multiple trials.  Lower pH 




 peaks.  
The ClO4
-
 eventually degrades and lowers the pH of the eluent if left for multiple days, so 
the solution was prepared fresh at least every 3 days as determined by consumption rates.  





 peaks without causing significant Br
-
 interference.  All 








concentrations appeared in the runs decreasing the sensitivity of the detector, and the high 
concentrations clogged the columns at a faster rate. 
Combination standards from 0 to 40 µM were prepared using bulk solutions of 





 were added to each standard vial.  In addition, equivalent amounts of AMW 





 measurements, so the standards’ salinity had to match the diluted samples.  
All concentrations were found using the unacidified samples diluted to 1:10 proportions.  




The detector read the absorbance of the samples over time and produced a time 
series with peaks for each species (Figure 3.4).  Each species separates to a specific 
retention time based on charge affinity and size (Table 3.2).  While each species does not 
follow an exact retention time, the species do cluster together around an average. 
A test was also conducted to determine the possible interference of HS
-
 in pore 
water samples on the NO2
-
 peaks.  According to the test chromatograms in Rozan and 
Luther (2002), HS
-
 has a retention time less than half that of NO2
-
 (6 min versus 14.5 
min).  This study’s chromatograms show a retention time of roughly 6 min for NO2
-
 
(Figure 3.4), indicating potential HS
-
 interference from shorter retention times.   A 10 
µM NO2
-
 solution was amended with varying concentrations of H2S – between 0 and 20 
µM.  The resulting chromatograms indicate no interference up to 0.1 µM H2S, the 
detection limit of H2S using voltammetry.  As voltammetric measurements were always 
performed before NO2- measurements, the sulfide interference could be documented. 
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Figure 3.4:  Absorbance spectra and corresponding calibration curve from the UV/Vis 
analysis on the IC.  Eluent contains 2.5 mM NaClO4 adjusted to pH 10.  All standards are 





 fall within a small area of retention times, with the retention 
times increasing with concentration.  The arrow for Br
-
 indicates where the peak would 





Table 3.2:  Average molar retention times and their 2σ standard deviations for all 
calibrations and samples in this study (150 samples).  All runs were measured at 220 nm.  
Larger variations in retention times were caused by column condition or eluent age.  The 
column was regenerated once during the study, and the eluent was changed at least every 3 
days. 
Species of Interest Retention Time (sec) 
NO2
-
 388.7 +/- 22.7 
Br
-
 411.7 +/- 29.9 
NO3
-







3.4  Membrane Inlet Mass Spectroscopy (MIMS) 




N2 were measured on the MIMS as described in 
Kana et al. (1994) and adapted by Vance-Harris and Ingall (2005).  Two seawater baths 
open to the atmosphere were used as the calibration points - one at 21°C and one at 30°C.  
The baths equilibrated for at least 24 hours.  Liquid samples and standards were pumped 
through a gas permeable membrane located in a vacuum.  Gases were then introduced 
into a quadrupole mass spectrometer to separate them by size before being read by the 
detector.  Once the lines were opened, the machine was allowed to warm up and 
equilibrate for four hours with the intake line in MilliQ water before samples were 
analyzed.  A peristaltic pump (IsmaTec®, Cole-Parmer Instrument Company) pumped 
the fluids – MilliQ water, standard water baths, and samples – from the intake line, 
through the system, and out the waste.   
Once the MIMS was warmed up, water from the two seawater baths were 
introduced into the system.  The standards were twice alternated with four measurements 
per injection.  The samples were then analyzed with four measurements as well, with the 
input line inserted into the sample bottle immediately after the stopper was removed to 
minimize O2 and 
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N2 contamination.  The water from the standard baths was introduced 
again as before to account for instrument drift.     
All concentrations were calculated using ratios of the N2 species to Ar.  Ar is not 
affected by biological processes, so it works well as a tracer for drift and environmental 
changes (temperature and salinity) compared to the species affected by biological 
processes.  The standard water bath concentrations were found using the solubility of the 




N2 were found using the calculations described in Kana et al. (1994) based on 




3.5  Graphite Furnace Atomic Absorption Spectrophotometry (GFAAS) 
Total dissolved Mn of the original supernatant and Mn concentrations of both 
solid-phase extractions were analyzed by GFAAS with Zeeman background corrections.  
The advantages of GFAAS include auto-calibration, auto-dilution of samples outside the 
calibration range, and an auto-sampler that requires small sample volumes (< 2 mL).  
During the course of this study, the Varian Spectra AA-600 received a software update, 
so two different standard techniques were needed.  The older software required Mn 
standards between 0 and 50 nM.  The newer software required Mn standards between 0 
and 5 µg L
-1
.  All bulk standards were made using MnCl2·4H2O (Fisher) and trace metal 
grade HNO3 (Fisher).  Samples were diluted between 400 and 4000 times in trace metal 
2% HNO3 based on expected concentration of Mnd in different treatments and Mn 
speciation. 
 
3.6  Colorimetry 
Concentrations of NH4
+
 were determined by colorimetric analysis based on 
Strickland and Parsons (1972).  Measurements were conducted at 640 nm on a 
spectrophotometer (Milton Roy Spectronic 601) with standards of 0 to 20 µM made with 
a bulk standard of 100 µM NH4Cl (Fisher) in MilliQ water.  Reagents used included a 
phenol, a nitroprusside, and an alkaline solution.  All reagent weights measured, reagent 
solutions added, and analyses done were conducted in a fume hood as a precaution.  All 
bottles of reagents were parafilmed closed to prevent loss and health hazards.  One molar 
phenol (Sigma) was dissolved in 100 mL of 95% ethanol (C2H5OH, ENG Scientific) and 
stored in a glass bottle.  A 6 mM solution of the sodium nitroprusside, or sodium 
nitroferricyanide(III), (Na2[Fe(CN)5 NO]·2H2O, Aldrich) was mixed in MilliQ water and 
stored in a dark bottle.  The alkaline reagent consisted of 0.7 M sodium citrate 
(Na3C6H5O7·2H2O, Sigma-Aldrich) and 0.25 M NaOH (Fisher) in 250 mL MilliQ water.  
All solutions were stable for months when stored in the refrigerator.  Immediately before 
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the reagents were added to the standards and samples, 2.5 mL of 4-6% sodium 
hypochlorite (NaOCl, Fisher) was added to 10 mL of the alkaline reagent to create the 
oxidizing reagent.  The reagents were added in a specific sequence: phenol first, 
nitroprusside second, and oxidizing reagent last.  All vials were parafilmed, mixed, and 
heated in a 45°C oven for 1 hour before analysis.  Unacidified, filtered supernatant 
samples were diluted in a 1:60 proportion for NH4
+
-added treatments and a 1:15 
proportion for control treatments.  






) was also measured in one of 
the incubations by colorimetric analysis by a partner laboratory group.  The method was 
based on Strickland and Parsons (1972) using a Cd-Cu reduction column, sulphanilamide 
reagent, and N-(1-Naphythyl)-ethylenediamine dihydrochloride reagent.  A separate NO2
-
 
analysis was not conducted, so only the combined concentration is known. 
 
3.7  pH 
The pH was measured in unfiltered samples with a pH/ISE meter (Orion, Model 
290Aplus).  The potential and temperature of the samples were recorded and the pH 
calculated from the Nernst equation: 







−=                                       (3.2) 
where E is the measured potentials for the samples (spl) and standard (std), F is Faraday’s 
constant (96485.31 C mol
-1




), and T is the 
temperature in K.  A standard Tris buffer (pH = 8.28) in 0.54 M NaCl (Dickson 1993) 















) and at depth (3 µM for 
NO3
-
 and 4.8 µM for NO2
-
, Figure 4.1).  The sediment was anaerobic below the 
sediment-water interface (SWI).  NH4
+
 was approximately 10 – 15 µM below the SWI 
before it was completely removed at a depth of 10 mm.  NH4
+
 reappeared at a depth of 40 
mm and peaked around 60 mm at a concentration of 60 µM before decreasing to the end 
of the profile.  Mn
2+
 increased with depth to maximums at 10 mm (150 µM) and 40 mm 
(600 µM).  Deeper in the sediment, Mn
2+
 stabilized at approximately 500 µM between 40 
and 70 mm and approached the detection limit at the base of the core.  The first Mn
2+
 
maximum correlated to the first increase in fixed nitrogen.  Fe
2+
 did not appear until after 





profile.  No sulfide was detected in the core. 
This sediment was chosen for subsequent incubation experiments because of high 
Mn
2+











 made the sediment a good potential candidate for the coupled N-Mn 
reactions (Eq. 1.6-1.8 and 1.13).  Each of the incubations described in Chapter 2 was used 
to look for evidence of anaerobic nitrification and possible Mn-catalyzed nitrification and 
denitrification.  All BTR incubations described in subsequent sections became suboxic 
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Figure 4.1:  Profiles taken from a core on the main tidal creek bank (June 2005).  The core was from the same location as the shallow 
incubation sediment.  The sediment-water interface (SWI) is labeled in both profiles.  (a)  Ex situ voltammetric profile.  O2 reached 0 µM at 
SWI, indicating no O2 influence at depth.  Mn
2+
 was prominent at all depths below 5 mm in the sediment.  Fe
2+
 appeared after 35 mm.  No 




 peaked in anaerobic sediment around 10 – 20 mm and 
50 – 80 mm.
 33 
4.1 Control Tests 
The shallow (less than 10 cm) and deep (up to 20 cm) sediment from the creek 
banks were incubated in artificial marsh water (AMW) without the presence of nitrogen 
or metals as live controls.  Both the shallow and the deep sediment slurry data revealed 
that production of NH4
+
 and fixed nitrogen reaches steady state quickly (Figure 4.2 and 
4.3).  Concentrations were similar to what was detected in sediments from this study 
(Figure 4.1) and the literature (Anschutz et al. 2000, Deflandre et al. 2002).  The deep 
sediment (Figure 4.2) reached steady state concentrations of 80 µM for NH4
+
 and 40 µM 
for NO3
-
.  No discernable NO2
-
 was found.  The speciation of Mn indicated that the 
processes regulating Mn distribution were not at steady state.  Total dissolved Mn (Mnd) 
appeared constant at 30 µM after the initial decrease over the first 14 days.  However, 
Mn
2+
 was not detected until after 40 days.  The shallow sediment control also contained 
low, steady state levels of all N and Mn species (Figure 4.3).  Unlike the deep sediment, 
the shallow sediment incubations were measured for the isotope-enriched N2 species and 
reactive amorphous Mn-oxides (Mns). The nitrogen species did not indicate a steady state 








 were again low with concentrations around 80 µM and 0 µM, 
respectively, with an 80 mM peak of NO3
-
 at 22 days.  NO2
-
 had a high maximum 
background concentration of 90 µM.  The dissolved Mn species remained low in 
concentration: Mnd concentrations stayed at roughly 50 µM, Mn
2+
 concentrations never 
reached 20 µM. In contrast, solid Mn species were significant: adsorbed Mn
2+
 (Mnads) 
slowly decreased from 0.4 to 0.2 µmol g
-1
 over the 56 day time span while Mns jumped 
from one steady state concentration of 0.2 µmol g
-1
 to another at 0.4 µmol g
-1





















































































































.  (b) Mn
2+
, Mnd, and Mnads. Mnd was assumed to include MnO2(c) and Mn
2+
.  


























































































































































N2.  (b) Mn
2+
, Mnd, Mnads, and Mns. Mnd was assumed to include 
MnO2(c) and Mn
2+
.  Mnads was assumed as adsorbed Mn
2+




4.2  Treatments containing MnO2(c) and NH4
+
 
It was first necessary to determine the ideal ratio of N : Mn ratio that promotes 
Mn-catalyzed nitrification and/or denitrification in anaerobic conditions (Eq. 1.6 – 1.9).  
This objective was realized by varying the initial NH4
+
 : MnO2 between 0.1:1 and 10:1 in 
separate sediment slurry incubations.  Incubations were conducted for 80 days.  Once 
steady state was reached, the percent of Mn
2+
 produced from the initial MnO2(c) was 
represented against the percent of the initial NH4
+
 removed (Figure 4.4).  The data show 
that there is no apparent correlation between Mn
2+
 produced and NH4
+
 removed at low 
initial N : Mn ratios.  In contrast, a strong correlation is found at initial N : Mn ratios 
greater than or equal to 2:1, suggesting that the production of Mn
2+
 may be linked to the 
consumption of NH4
+
 at higher nitrogen concentrations.  According to our incubation at 
different NH4
+
 : MnO2(c) loads, the optimal N : Mn ratio range is between  2:1 and 10:1.  
The following incubations were therefore performed with an initial N : Mn ratio of 5:1 to 
ensure optimal conditions for Mn-catalyzed nitrification and/or denitrification. 
 












































Figure 4.4:  Percent of NH4
+
 removed (NH4(R)) against percent of Mn
2+
 formed after 80 
days in incubations conducted at increasing initial N : Mn ratios.  Percents were needed 
since each treatment contained different initial concentrations of both MnO2(c) and NH4
+
.  
The ratios contained in the linear range are labeled. 
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 and MnO2(c).  The three slurry incubations were conducted with 
three different sediment sources and demonstrated the same general trends.  Figure 4.5 
shows the results of the first of these incubations using shallow sediment.   First, Mnd 
reached a steady state of 80 µM after the initial decrease over 5 days.  Mn
2+
 formation 
began slowly from day 10 to day 20 and reached a maximum around 70 µM at day 36. 
Mnads (under the form Mn
2+
) increased at day 10 to a peak of 0.5 µmol   g
-1
 at 30 days.  
This increase correlated with the rise to 60 µM ΣNOx
-
 up to day 20.  After 20 days, 
ΣNOx
-
 decreased regularly to 10 µM at 36 days, then rebounded to 40 µM at 50 days.  
NH4
+
 initially increased in concentration to 1400 µM before dropping to 550 µM around 
the same time as Mn
2+
 formation.  
29
N2 spiked at 25 µM around 30 days and correlated to 
the decrease in ΣNOx
-
 concentration.  
30
N2 also followed roughly the same trend with a 
peak of around 8 µM at 36 days. 
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Figure 4.5:  Time evolution of:  (a) NH4
+






N2, and (b) 
Mn
2+





 : MnO2(c).  Mnd was assumed to include MnO2(c) and Mn
2+
.  




Different results were found in the deeper sediment slurry incubation (Figure 





 were measured separately.  NO2
-
 increased to 150 µM after 25 
days before decreasing to a steady state value around 75 µM.  NO3
-
 was significantly 
lower than NO2
-
, with a maximum concentration of 40 µM.  The NO3
-
 initially decreased 
as the NO2
-
 was formed then increased to the steady state maximum of 40 µM around 50 
days.  Only the last time step was measured for N2.  Both species concentrations were 
about the same with 19 µM of 
29
N2 and 16 µM of 
30
N2, but significantly above the control 
incubations (Figure 4.2) 
The Mn data for this incubation produced different results than the previous 
incubation.  First, no Mnads was ever detected during the incubation.  Second, Mnd 
remained roughly constant around 130 µM for the duration of the time series. Third, 
Mn
2+
 appeared initially, but dropped below detection limit by day 7.  It eventually 
returned after day 34 and constituted all of Mnd.  
This second incubation was also the only incubation that generated dissolved 
sulfide during the course of the incubation.  All three treatments from the same 
incubation contained a sulfide peak around the same time, and it decreased 
simultaneously with the increase in Mn
2+
 (Figure 4.7).  Once dissolved sulfide was 
removed from solution, Mn
2+
 appeared in all the treatments.   
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N2, and (b) Mn
2+
, Mnd, 





 : MnO2(c).  Mnd was assumed to include MnO2(c) and Mn
2+
.  
Mnads was assumed to include adsorbed Mn
2+









































































































Figure 4.7:  Time evolution for three treatments using the deeper (up to 15 cm) sediment.  
The stars represent Mn
2+
 (a) and the squares represent ΣH2S (b) for the three treatments.  
The Mn
2+
 starts appearing in the reactors once the ΣH2S decreases (vertical dotted line).  
The graphs are kept in the same scale for comparison. 
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The results from the last incubation (Figure 4.8) were similar to the first shallow 




 was also added to the sediment slurries, producing slightly higher maximum 
values in fixed nitrogen.  NO3
-
 increased initially to 100 µM at day 8, before it was 
removed from the system by day 22.  NO2
-
 increased from day 8 – 14 to a maximum of 
200 µM before slowly decreasing to 140 µM by day 39.  NO2
-
 was finally removed from 
the system by day 39.  NH4
+
 initially increased to 600 µM at day 8 before slowly 
decreasing to its steady state value around 200 µM.  The two N2 species stayed roughly 
the same concentrations initially, increasing to 20 µM on days 22 – 29 only.  
29
N2 
remained at steady state around 20 µM, while 
30
N2 decreased to a steady state 
concentration of 12 µM by day 39.  The Mn
2+
 data again correlated to the production of 
fixed nitrogen, with production from 8 – 14 days and an initial steady state concentration 
of 75 µM to day 39.  Mn
2+
 then decreased from day 39 – 49 for a final steady state value 
of 50 µM.  The Mnd stayed fairly constant throughout the incubation at 150 µM.  Mns 
showed a slow steady increase over the entire time series from 0.6 to 0.8 µmol g
-1
.  Mnads 
initially dropped from greater than 1.2 to 0.5 µmol g
-1
 over the first 14 days.  It then 
peaked with the same general shape and timing as the Mn
2+
 with a maximum value of 0.7 
µmol g
-1
 on day 22.
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 + MnO2(c) treatment in shallow 










N2.  (b) Mn
2+
, Mnd, Mnads, and Mns. Mnd 
was assumed to include MnO2(c) and Mn
2+
.  Mnads represented adsorbed Mn
2+
 only.  Mns 
included only the reactive amorphous Mn-oxides.
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 but in the absence of 
MnO2(c) were also conducted in the two types of sediment to determine processes 
independent of the added Mn.  The deeper sediment incubation without MnO2(c) (Figure 





were produced after 15 days to steady state concentrations of 100 µM and 50 µM, 
respectively.  NH4
+
 decreased dramatically to 200 µM at day 43 after its initial increase 
from 500 µM to 650 µM on day 15.  NH4
+
 started increasing again to a final 




N2 concentrations were also roughly the 
same with values of 27 µM and 26 µM, respectively.  The Mn speciation also shadowed 
the deep sediment MnO2(c) treatment with a steady state Mnd concentration of 40 µM and 
Mn
2+
 production after 43 days.  Again, Mnd was entirely composed of Mn
2+
 at the end of 
the incubation. 
The shallow sediment incubation without MnO2(c) (Figure 4.10) was also similar 
to its counterpart incubation with MnO2(c) (Figure 4.8).  NH4
+
 increased initially from 
400 µM to 600 µM in the first 8 days before decreasing to a steady state concentration of 
250 µM at 39 days.  NO2
-
 increased slowly over 43 days to a maximum of 150 µM, and 
NO3
-
 increased over the first 39 days to a maximum of 200 µM before it was removed 




N2 increased together for 22 days before decreasing to 
steady state at 39 days.  
29
N2 increased to 16 µM before reaching a steady state of 11 µM, 
and 
30
N2 increased to 23 µM before decreasing to an 8 µM steady state.  In contrast to the 
incubations with MnO2(c) (Figure 4.8), Mn speciation appeared at steady state through 
the entire time series in this treatment (Figure 4.10).  Mnd stayed around 50 µM, Mnads 
changed only between 0.35 µmol g
-1
 and 0.5 µmol g
-1
, and Mns varied between 0.2 µmol 
g
-1




 had a small production to 50 µM up to day 39 before 
disappearing by day 49.
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N2, and (b) Mn
2+
, Mnd, and Mnads.  Only the last time step 
of N2 was analyzed.  Mnd was assumed to include MnO2(c) and Mn
2+
































































































































































N2, and (b) Mn
2+
, Mnd, Mnads, and Mns.  Mnd was assumed 
to include MnO2(c) and Mn
2+
.  Mnads was assumed as adsorbed Mn
2+
.  Mns includes only 
the reactive amorphous Mn-oxides. 
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4.4  Testing for Heterotrophic Denitrification 








 – was conducted in 
the shallow sediment to test for the dominance of heterotrophic denitrification.  While the 
dissolved species share similar trends with the other MnO2(c) treatments, the N2 data was 
different (Figure 4.11).  NH4
+
 initially increased from 300 µM to 600 µM over the first 8 
days before decreasing to a steady state concentration of 350 µM at 14 days.  NO2
-
 
increased to 250 µM at 14 days before being removed from the solution by day 39.  NO3
-
 
peaked twice over the time series – 100 µM at 8 days, then a slower peak to 120 µM at 43 
days.  N2 was insignificant in this treatment.  
29
N2 was minimal with a broad peak of 5 
µM at 39 days, ending the incubation at 2 µM.  
30
N2 slowly increased from 2 µM to a 
maximum of 3.5 µM and dropped backed to a steady state value of 2 µM.  The Mn 
speciation also followed the other MnO2(c) treatments.  Mn
2+
 was produced over 14 days 
to a steady concentration of 75 µM, and dropped to a new steady state concentration of  
40 µM between 39 and 49 days.  Mnd remained essentially the same around 130 µM 
during the course of the incubation; the concentration at day 43 may be an outlier.  Mnads 
and Mns also remained steady at 0.5 µmol g
-1
 and 0.6 µmol g
-1
























































































































































 + MnO2(c) 










N2.  (b) Mn
2+
, Mnd, Mnads, and Mns.  Mnd 
was assumed to include MnO2(c) and Mn
2+
.  Mnads was assumed as adsorbed Mn
2+
.  Mns 





A combination of depth microprofile measurements and sediment incubations 
were performed to determine possible nitrogen processes occurring in salt marsh 
sediments.  The profile measurements were used as a guide to determine the sediment 
depth most suitable for the incubation studies by locating the areas of potential anaerobic 
nitrification.  In this study, incubation experiments were used to define manganese 
influence on nitrogen cycling in anaerobic conditions.   
The core taken in June 2004 shows fixed nitrogen concentrations well below the 





.  However, these two nitrogen components were detected in 
anaerobic sediments down to 80 mm.  These data suggest either that O2 penetrates the 
sediment deeper than previously thought (Neuhuber 2003) or that anaerobic nitrification 
is ongoing in salt marsh sediments.  Anammox is known to occur at depth in all types of 
marine sediments (Jetten et al. 1999, Thamdrup and Dalsgaard 2002, Risgaard-Petersen 





 sources in anaerobic conditions.  In this particular sediment, Mn
2+
 seems to be 
produced at two different depths: lower production between 0 and 20 mm and higher 
production between 20 and 30 mm.  The production between 0 and 20 mm correlates to 




 (Figure 4.1).  These data suggest that Mn may be 
involved in the nitrogen cycle as proposed by Luther et al. (1997).       
Sediment slurry incubations were conducted to determine whether Mn is involved 
in nitrogen cycling.  Batch tube reactors (BTR) are useful for incubating anaerobic 
sediments.  BTR allow minimal gas diffusion through the glass, and rubber stoppers and 
aluminum caps minimize gas escape through the opening.  BTR suffer from a few 
 50 
disadvantages including a limited volume for analysis and the inability to change or 
refresh the added solution.  To circumvent the volume limitations, multiple tubes were 
sacrificed for each incubation.     
Control sediment slurries provided a background for Mn and N transformations in 
unperturbed sediments.  The undisturbed shallow sediment and deeper sediment 
displayed roughly the same concentrations indicating that depth of sediment does not 
affect the natural release of NH4
+
 and Mnd in sediment slurry incubations.  On the other 
hand, fixed nitrogen background concentrations changed between shallow and deeper 
sediment.  The deeper sediment incubation generated steady state concentrations of NO3
-
, 
and almost no NO2
-





 concentrations over time.  These data suggest that NO2
-
 is removed at depth maybe 
through anammox and that the relative rate of production of NO3
-
 exceeds denitrification 
rates at the surface. 
 
5.1  Reproducibility of Incubations 
Since BTR could not be sacrificed in triplicate at each time step of the 
incubations, the reproducibility of the incubations was tested by repeating incubations at 
least twice.  Sediments are typically heterogeneous, but the replicate incubation sediment 
slurries produced the same general trends (Figures 4.5 and 4.8).  This demonstrated that 
the processes occurring in this study are reproducible, not only within the individual 





 incubations included sediment from a depth of 5-10 cm, and both 
resulted in nitrification and Mn reduction at the onset of NH4
+
 removal.  For the shallow 
sediment incubations that included NO3
-
 in the initial solution (Figures 4.8 and 4.11), the 
isotope-independent measurements (fixed nitrogen and Mn species concentrations) of the 
















 + MnO2(c)) 
produced almost identical results, again demonstrating reproducibility.  Given the good 
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reproducibility of the results from these two incubations, the treatments without MnO2(c) 
and controls are also considered to produce reliable results. 
 
5.2  Vertical Distribution of N Transformations and the Relation to Mn Reduction 
As NH4
+
 concentrations are higher at depth, it is conceivable that Mn catalysis of 
the nitrogen cycle could occur in an area with a higher potential for anaerobic 
nitrification.  Mortimer et al. (2004) found oxic nitrifying bacteria as deep as 40 cm, 
suggesting that the deeper sediment collected in this study could have potential for Mn 
catalysis.  Interestingly, the sediment slurry incubation with deep sediments indicates that 
Mn catalysis is not as obvious in deeper sediments as it is in the shallower sediments 
(Figures 4.7 and 4.8).  Mn
2+
 and Mnads were not detected in the deep sediment incubation 









 in the shallower sediment slurries. Either deeper anaerobic 
nitrification is unrelated to Mn reduction, or Mn-catalyzed nitrification does occur, but an 
outside pathway removes the Mn
2+
 before it is detected.  The deeper sediment incubation 
was also the only incubation to display sulfide in the supernatant (Figure 4.6).  Sulfide is 
known to precipitate readily with Fe
2+
 as FeS, and Mn
2+
 can adsorb onto the FeS surface 
(Huerta-Diaz et al. 1998) or coprecipitate with FeS (Arakaki and Morse 1993), possibly 
explaining the lack of Mn
2+
 in the dissolved phase until after sulfide was removed from 
the waters. 
Deeper, salt marsh sediments are areas known for higher sulfide concentrations 
(e.g., Koretsky et al. 2003, Lowe et al. 2000).  In a core taken in 2004 at the same 
location, sulfide was detected near the sediment –water interface (SWI) during rising tide 
(data not shown).  In addition, Mn
2+
 was not detected at any depth, suggesting it was 




5.3  Evidence for Anaerobic Nitrification 




 (Bothe et al. 2000).  




 peaks 5 cm below the sediment-
water interface (SWI).  As stated above, either dissolved oxygen penetrates the sediment 
or anaerobic nitrification is taking place in these sediments.       
One conclusion from Thamdrup and Dalsgaard (2000) was that their incubations 
might require different concentrations of NH4
+
 and MnO2 than the experiments of Hulth 
et al. (1999) to find evidence for Mn-catalysis.  The natural sediment of each site might 
require different initial compositions of substrate.  A test incubation was first conducted 
to determine the optimal concentration ratio of NH4
+
 : MnO2(c) to find Mn-catalyzed 
nitrogen cycling.  The concentrations used in the test incubation for initial N : Mn ratios 
were within concentrations measured in porewaters of similar sediment.  Jahnke et al. 
(2003) found NH4
+
 concentrations between 0 and roughly 2500 µM in fresh and marine 
porewaters of the Satilla River, Georgia.  Kostka et al. (2002) found concentrations 
around 500 µM NH4
+
 as well in the salt marsh at SkIO.  The test incubation contained 
concentrations between 100 and 1000 µM NH4
+
.  Anschutz et al. (2005) completed a 
complete Mn particulate study and found a maximum of roughly 50 µmol g
-1
 amorphous-
MnO2 in the top 10 cm of a marine sediment core.  The highest concentration of colloidal 




The test incubation measured ammonium removal over time.  A maximum of 
roughly 75% of the ammonium initially added to the sediment was removed over the 80 




 were measured, 




 formed is unknown.  The evidence for possible 





 removed in specific reactor ratios.  The best location to find a coupled reaction 
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is in the area of a linear correlation between species involved, or between 2:1 and 10:1 in 
this study (Figure 4.4).   





 formation, indicating anaerobic nitrification in 




 also correlates to Mn 





 concentrations appear at the same time as Mn
2+
 and Mnads.  Even though 







 formation seems to indicate Mn-coupled anaerobic 





 formation than treatments without MnO2(c), and Figure 5.1 verifies 




-only treatment are 




-MnO2(c) treatment of shallow 
sediment incubation results.  The differences between the two treatments reveal which 
species are produced (positive values) or removed (negative values) at a higher rate in the 
presence of MnO2 relative to the NH4
+
 only incubation.  The treatments with MnO2(c) 
produced slightly higher concentrations of NO3
-
 initially then produced significantly 
higher concentrations of NO2
-
 until day 22.  More NH4
+
 is also removed in the MnO2(c) 




 and lower NH4
+
 
concentrations associated with the MnO2(c) treatment seem to indicate Mn is involved in 
the N cycle through catalyzed nitrification in the first 20 days. 
Other than nitrification and anammox, NH4
+
 removal processes in salt marsh 
sediments include adsorption and biological uptake.  Ammonium adsorption is affected 
by the organic matter content (Hou et al. 2003).  Salt marsh sediments are rich in organic 
matter, indicating ammonium adsorption may be important in this study, but a 30 – 75% 
removal rate is unlikely due entirely to adsorption onto sediment slurries.  Ammonium is 
also removed from solution by microbial uptake.  
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Figure 5.1: Change in concentrations between the MnO2(c) treatment and the treatment 
without MnO2(c) of the shallow sediment incubation shown in Figure 4.8 and 4.10.       
∆N = NMn – Nw/o Mn where NMn is the concentration of each dissolved species from the 
MnO2(c) treatment and Nw/o Mn is the concentration of each dissolved species from the 
treatment without MnO2(c).  Positive values indicate higher production measurements, 
while negative values indicate higher removal measurements.  Since the sediment slurries 
are reproducible in sediment from the same depths, this data is analogous to the other 
incubations from shallow sediments. 
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5.4  Denitrification in Salt Marsh Sediments 
The most important and intriguing results from this study are the heterotrophic 




 treatment showed 
30
N2 produced at concentrations only 
slightly higher than control incubations, even over the entire 60 day incubation (Figure 
4.11), indicating that heterotrophic denitrification and Mn-catalyzed denitrification 
through NO3
-
 (Eq. 1.7) are not significant in these salt marsh sediments.  Thus, 
heterotrophic denitrification should not play an important role in the other incubations as 




























N2 through the alternative 
denitrification pathways (Mn-catalyzed denitrification through NH4
+
 (Eq. 1.6) and 
anammox) discussed below.   
Reduction of MnO2(c) coupled to NH4
+
 oxidation to N2 (Eq. 1.6) is also found to 




 treatment (Figure 4.8) 
shows no detectable denitrification in the first 14 days.  If direct NH4
+
 oxidation to N2 
coupled to MnO2(c) reduction was significant, 
30
N2 would be detected in the beginning of 




 would oxidize to one mole of 
30
N2.  Therefore, Mn-
catalyzed denitrification (Eq. 1.6 and 1.7) is not found in these salt marsh sediments.  In 
turn, it is possible that Mn indirectly affects N2 formation through the nitrification 









 shallow incubation were 




 shallow incubation (Figure 5.2).  
29
N2 is higher in concentration in the MnO2(c) treatment at all time steps, except for an 
outlier, while the time steps show a higher 
30
N2 concentration in the MnO2(c) treatments 
after day 14 (Figure 5.2).   
A potential explanation for increased denitrification in the MnO2(c) treatments is 




 substrate (Eq. 1.3 – 1.4).  Thus, a coupled 
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 must be present.  The increased N2 





 and the removal of NH4
+













N2 forms through 








 produced through Mn-catalyzed 




.  Since NH4
+
 appears in excess when compared to the total 







not decrease the availability of NH4
+
 for anammox. 
From the data, the following sequence of reactions in these incubations is 
proposed (Figure 5.3): (1) respiration consumes the O2 initially present within the first 






 through Mn-catalyzed 





 and decreases in NH4
+




 produced in step 2 are 
combined with excess NH4
+
 to produce N2 through anammox (Eq. 1.3 and 1.4) after 14 
days (Figure 5.2).  The different combinations of enriched nitrogen species initially 
included in the sediment slurries indicate that one denitrification process, anammox, 
dominates in these salt marsh sediments.  As only a trace amount of N2 (2 – 3 µM) is 
produced through heterotrophic denitrification (Figure 4.11) at the start of the 
incubation, the shallow sediment incubation measurements (Figures 4.5, 4.8, and 4.10) 
and treatment comparison data (Figures 5.1 and 5.2) indicate most N2 is produced after 
20 days.  Denitrification must occur after anaerobic nitrification.  These incubations lead 
to the conclusion that Mn-N coupling must exist in these sediments through Mn-






































Figure 5.2:  Change in concentrations between the MnO2(c) treatment and the treatment 
without MnO2(c) in one shallow sediment incubation.  ∆N = NMn – Nw/o Mn where NMn is 
the concentration of each N2 species from the MnO2(c) treatment and Nw/o Mn is the 
concentration of each N2 species from the treatment without MnO2(c).  Since the sediment 
slurries indicate reproducibility between similar sediment, this data is analogous to the 







Figure 5.3:  Schematic of the proposed processes occurring in shallow, anaerobic salt 
marsh sediments.  For shallow sediment incubation slurries, manganese catalyzes 
nitrification anaerobically producing nitrate and nitrite.   The nitrate and nitrite are then 
utilized as electron acceptors during anammox. 
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5.5  Anaerobic Nitrification and Denitrification rates in Salt Marsh Sediments 
Initial nitrification rates were determined using the first 14 days (3 points per 
treatment) of the last incubation.  The last incubation consisted of the most complete 
speciation obtained for both Mn and N in shallow salt marsh sediments (Figure 4.8, 4.10, 
and 4.11).  A rate constant (k) was calculated assuming simple first-order kinetics with 
respect to each species and constant pH, organic matter, and dissolved inorganic carbon 
(DIC): 








−==                                     (5.1) 
 
 Since the MnO2 concentration was considered constant initially, the rate expression 
simplifies to a pseudo-first order rate law.  The concentration of MnO2 was combined 
with the rate constant to form a new observed rate constant.  The initial nitrification rate 
was determined using the initial concentration of NH4
+
 (800 µM) and the calculated 
observed rate constant: 
                                                       04obsnitrif ]NH[kR
+
=                                                 (5.2) 
The rates for the incubation are collected in Table 5.1.  The nitrification rates are higher 
in the treatments containing an added MnO2(c), as expected for Mn-catalyzed anaerobic 




 and MnO2(c) displayed a faster rate 




 and MnO2(c).  This could be evidence for possible 
biological fractionation of 
15








.  Nitrogen fractionation, preferential uptake of 
14
N, has been found in 
denitrification pathways (Lehmann et al. 2004), suggesting that anammox organisms 











Table 5.1:  Pseudo first-order rate constants and nitrification rates for the different 
sediment slurry treatments.  Rate constants (kobs) are based on simple first-order kinetics.  
Nitrification rates represent the initial rate at the start of the incubations considering a 
[NH4
+































 + MnO2(c) 0.05 +/- 0.02 1.7 
 
 
Heterotrophic denitrification rates between days 22 and 39 were determined using 








 treatment.  Again, we 
assumed simple first-order kinetics and excess organic carbon: 


















−−                      (5.3) 
                                                     
The concentration of NO3
-
 for the initial heterotrophic denitrification rate calculation was 
the maximum concentration of 277 µM determined on day 14.   Heterotrophic 
denitrification represents a small fraction of denitrification in these sediments with a rate 
of 0.007 µM h
-1
. 
Trimmer et al. (2003) conducted incubations with a 50/50 mixture of sediment 
and solution in their slurries to measure denitrification rates.  They measured a 




 in incubated sediments from a 













.  For the current study, 20 mL of slurry solution was 
added to 3 mL of sediment.  This converts the heterotrophic denitrification rate (0.007 
µM h
-1




.  The current study’s incubations demonstrate a 









).  Trimmer et al. (2003) measured significantly higher heterotrophic 




 concentrations a 
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minimum of over ten times higher than in the current study.  Since rates depend on the 




 is responsible for 
the increased denitrification rate. 









instead of the treatment with MnO2(c) to minimize possible interference from Mn-


















 were present at the beginning of the incubation.  Because two dependent species are 
involved in the kinetic rate, none of them in excess of the other, estimating the initial 
anammox rate becomes more complicated: 









=                                       (5.4) 
If the measured NH4
+









 (Figure 4.10) and is considered constant for the rate 
expression (Eq. 5.5).  The rate then transforms into a simple pseudo-first order rate with 




.  Unfortunately, the rate of anammox formation is not first-
order with respect to NO3
-
 using this assumption, making the rate expression too 
complicated to solve analytically.  Therefore, the anammox rate was estimated using a 
linear approximation for 
29
N2 production in the first 22 days (Figure 5.4).  The anammox 
rate was measured at 0.05 µM h
-1
. 
 Possible Mn influence on the rate of denitrification was determined by calculating 












 treatment and 








 treatment.  Again, a simple 
linear approximation was needed to account for the complexity of the system.  The 
difference between the two treatments represents the possible denitrification rate from 








 treatment produced N2 (Figure 5.2) with 
denitrification rates of 0.06 µM h
-1




N2.  This indicates that the MnO2(c) 
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addition increased the rate of denitrification in 
29
N2 between days 10 and 22 by 0.01 µM 
h
-1
, a 17% increase, explaining the increased production of 
29
N2 found in Figure 5.2.  
Conversely, 
30





N2 initial production rate for both treatments. 





























 sediment slurry incubations.  





In the first 20 days of the incubations, the presence of MnO2(c) should have had an 
effect on the denitrification rates of 
30
N2.  Even though both forms of Mn-catalyzed 
denitrification (Eq. 1.6 and 1.7) were not found to be substantial in salt marsh sediments, 
the Mn-catalyzed anaerobic nitrification pathway was significant over the first 20 days.  




 in the shallow 




.  The increased production of NOx
-
 should have 




 (Eq. 1.3 and 1.4), 
thus enhancing the production of 
30




 was initially added to the 
incubations at a concentration of 50 µM.  As the anammox organisms should 
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, similar to heterotrophic denitrifiers (Lehmann et 




 pathway (Eq. 1.3 and 
1.4), increasing the production rate of 
29





 is present in the solution, the production rate of 
29
N2 will be higher than 
the production rate of 
30
N2 from biological fractionation.   
Dalsgaard and Thamdrup (2002) measured anammox denitrification rates in 

















N2 production, both significantly higher than 
the rates found in the current study (0.05 µM h
-1
 and 0.06 µM h
-1








.  Dalsgaard and Thamdrup (2002) used full sediment incubations 
rather than slurry incubations, suggesting that higher anammox rates are due to the higher 
concentration of organisms in their incubations.  Trimmer et al. (2003) also measured an 




 with a 50/50 mixture of sediment and solution in 
their slurries as described above.  For anammox incubations, initial concentrations 












.  Using the same 
conversions discussed previously, the anammox rate of the current study was calculated 




.  The current study’s incubations demonstrate a similar anammox 








), because the incubation 






5.6  Modeling the Shallow Sediment Data to Further Prove the Existence of Mn-
Catalysis 
To provide supplementary proof for Mn-catalysis, a mathematical model was 
developed.  The overall goal of this diagnostic model was to investigate whether Mn-
catalyzed nitrogen cycling is possible by comparing the model results with the data.  The 
system modeled was considered closed, so the initial concentrations of Mn and N added 
were used to balance the other species.  MnO2(c) incubation data were found by 
subtracting the Mn
2+
 from Mnd.  Organic matter and H2 gas were considered in 
abundance for simplicity in the rate expressions, and oxygen was absent.  According to 
the sediment slurries, the pH never fluctuated more than 0.2, so pH was also constant in 
the model.  These assumptions imply that the only change in the system is the form and 
concentrations of N and Mn species.  No rate constants were found in the literature, 
therefore, all rate constants were optimized to fit the data.  Isotopes of nitrogen species 




N2.  Two simulations were 
conducted: one including the proposed Mn-coupling and one excluding the Mn-coupling.  
The Appendix describes the details of the diagnostic model including reactions, rate 
expressions, and rate constants. 
The model, including the Mn-coupling, fit the data reasonably well (Figure 5.5).  
The model shows NH4
+
 decreasing during nitrification and N2 formation during 
denitrification.  NH4
+
 is removed as needed, when a rate expression for adsorption and 
biological uptake is considered.  
29
N2 produced in the model depends on a high anammox 
rate through both NO2
-
 (Eq. 1.3) and NO3
-
 (Eq. 1.4).  NO2
-
 production in the model never 
reaches the concentrations measured in the incubations.  The only source expressions for 
NO2
-
 are from reduction of NO3
-
 in the first step of heterotrophic denitrification (Figure 
1.1) and oxidation of NH4
+
 by MnO2(c) (Eq. 1.13).  The latter source is 
thermodynamically possible, yet speculative in natural sediments.  Other processes that 
could produce nitrite in the incubations include the initial oxidation of NH4
+




 (Eq. 1.1) and NO3
-
 (Eq. 1.2), in the first few days after the beginning of the 
incubations.  The data also show a higher NO3
-
 concentration on day 8 than accounted for 
by the model (Figure 5.5).  Oxygen was present at the beginning of the incubations, 
however, it is not considered in the model.  Also, all reactions were considered pseudo 
first-order with respect to each species of interest.  As discussed earlier, anammox does 
not fit pseudo first-order estimations with respect to NOx
-
.  Therefore, some of the species 
in the model may also behave as second-order or third-order constituents in the kinetic 
expressions. 
The Mn speciation from the model also demonstrates the correct trends and fits 
the data when the Mn-coupling is included.  As the sediment is anaerobic, only one 
source of Mn oxidation is present in the model – Mn-catalyzed denitrification with NO3
-
 
(Eq. 1.7).  The sediment used in the slurries also naturally contains a small amount of 
MnO2(c) and reactive amorphous MnO2, but their release into solution is not accounted 
for in the model.  The exclusion of background MnO2 could also explain some of the 
deviation in the NO2
-
 simulation, because the additional MnO2 would be available for 
NH4
+
 oxidation to NO2
-
 (Eq. 1.13). 
The simulation excluding Mn-catalyzed nitrogen cycling demonstrates different 
results than the simulation with Mn-coupling (Figure 5.5).  While the model is optimized 
to include Mn-catalysis, the simulation without Mn-coupling shows the importance of 
considering Mn- catalyzed nitrogen cycling.  The simulation without Mn-coupling does 
not reduce MnO2.  In addition, only half of the NO2
-
 is produced compared to the Mn-N 
simulation is produced.  Since anaerobic nitrification is not allowed to occur, 
30
N2 does 




N2 show little changes when the Mn-N coupling is not accounted 
for, since removal of NH4
+
 is dominated by uptake and adsorption and 
29
N2 is produced 
through anammox – both independent of manganese reactions.  If the model is optimized 
using the uncoupled simulation, Mn speciation could be reproduced by increasing the 
 66 




N2 would still show production 
rates unaccounted for without anaerobic Mn-catalyzed nitrification. 
While the model does not directly verify the existence of Mn-catalysis, it 
produces output with the same general shapes as the measured data.  Therefore, the Mn-
catalyzed nitrogen cycling is again considered feasible in these sediments.  From this 
model, Mn-catalyzed nitrification (Eq. 1.8, 1.9, and 1.13) accounts for all of the Mn 
reduction, and Mn-catalyzed denitrification (Eq. 1.6 and 1.7) is insignificant.  Half of the 
formation of NO2
-
 is through the first step of heterotrophic denitrification, while the other 
half is through NH4
+
 oxidation coupled with Mn reduction (Eq. 1.13), as seen through the 
two simulations (Figure 5.5).  Nitrification, and subsequently 
30
N2 production, is 
completely dependent on Mn-catalyzed nitrogen cycling.  For denitrification, anammox is 
the predominant pathway accounting for all of the denitrification in the model.  All other 






























































































 + MnO2(c) 
treatment.  The data from the coupled model is labeled in solid lines, the uncoupled 
model in dashed lines, and actual incubation data by symbols.   Colors match the colors 





 Nitrogen is an important nutrient in the global system.  Therefore, the nitrogen 
cycle is essential to understand. Using the classic understanding of nitrogen cycling 
(Figure 1.1), the nitrogen budget is imbalanced with measured denitrification rates higher 
and fixed nitrogen concentrations lower than predicted.  The imbalances may result from 
overlooking these potentially significant alternative pathways. 
This study is only the second investigation to find proof of anaerobic nitrification.  
Hulth et al. (1999) also incubated marine sediments and found production of nitrate and 
nitrite in anaerobic treatments.  While the initial conditions in the current study were 
different, both studies provide independent data indicating Mn-catalyzed nitrification.  
The only other incubation experiment conducted on anaerobic nitrification was 
Thamdrup and Dalsgaard (2000).  Anoxic nitrification was not found in these sediments, 
though Mn reduction did occur.  They stated that even though they did not find evidence 
for the anoxic nitrification, the process could be important in other environments.  They 
also attributed the lack of evidence as compared to Hulth et al. (1999) to slight 
differences in concentrations of extractable Mn and NH4
+
.  The current study accounted 
for these differences by running a test incubation to determine the optimal N : Mn ratio 
for NH4
+
 and MnO2(c).  For salt marsh sediments, this ratio is between 2:1 and 10:1 
(Figure 4.4). 
The current study builds on the findings of Hulth et al. (1999) and Thamdrup and 
Dalsgaard (2000) to finally determine if anoxic nitrification is possible.  This study 
followed Hulth et al. (1999) by adding an initial concentration of MnO2 to initial 





 production was finally found in triplicate in anaerobic 
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salt marsh sediments, providing evidence for anaerobic nitrification.  In the shallow 
sediment incubations, this anaerobic nitrification followed Mn reduction, demonstrating a 
possible pathway for NH4
+
 oxidation.  It is the conclusion of this study that the potential 
for anaerobic nitrification does exist through NH4
+





MnO2 reduction in salt marsh sediments. 
The pathways of denitrification are more complicated.  The classic N cycle uses a 







a number of intermediate species to N2.  Each step in the chain requires a different 
reductase enzyme all found within denitrifying bacteria.  Alternative pathways of 














 for direct N2 production. 
This study found evidence that heterotrophic denitrification is not a substantial 
process in salt marsh sediments.  Therefore, most of the N2 produced in the incubations 




N2 were found in 
the treatments without MnO2, suggesting significant anammox rates.  The MnO2 
treatments produced higher N2 concentrations, implying that Mn is a catalyst for N2 





 necessary for substantial N2 production through anammox in anaerobic 
sediments. 
To determine if these catalyzed reactions are occurring, pure culture experiments 
must be conducted on organisms similar to the ones catalogued by Mortimer et al. (2004).  




 and MnO2.  If Mn-




 will be apparent.  Also, 
with these pure incubations, the kinetics of each reaction could be determined allowing 
the estimation of natural system rates.  While the batch tube reactor (BTR) incubations 
 70 
found evidence for Mn-catalyzed nitrification, more work is needed to understand fully 
the processes and reactions at work in the nitrogen cycle.   
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APPENDIX 
CHARACTERIZATIONS OF THE DIAGNOSTIC MODEL 
 
A diagnostic mathematical model was developed to provide supplementary proof 
for Mn-catalysis.  A Runge-Kutta program was written using the ode45 function in 
Matlab.  Equations in Table A.1 were modeled with the initial conditions in the inoculum 
















, and 160 µM MnO2(c).  All reaction rate expressions were 
developed assuming first-order kinetics with respect to each species (Table A.2).  
Organic matter, H2, and pH were considered constant for simplicity.   Therefore, the only 
species affecting the rates and changing in the system were the nitrogen and manganese 
species.   
A phase lag of 10 days was placed on all denitrification rate components (Table 
A.1 reactions (2), (4), (5), (7), and (8)) to simulate the denitrification delay from 















N2 were explicitly modeled.  As a result, a 
total of ten different species, including manganese, were accounted for in the model.  
Nine non-linear differential equations were developed to include the nitrogen isotope 
dependence, and Mn
2+
 was determined through mass balance (Table A.3).  Because 
NH4
+
 contained the sink through adsorption and biological uptake, no nitrogen species 
could be determined through mass balance.  All reaction numbers from Table A.1 carry 











3 NNONO  → →
−−  




(4)       +−+ ++→+ H2OH9N4NO3NH5 2234  
(5)       OH2NNONH 2224 +→+
−+  
 
Heterotrophic Mn reduction 






















(11)     OH4NOMn3H4NHMnO3 22
2
42 ++→++
−+++   ??? 
 
Nitrogen fixation 







Table A.2:  Kinetic rate expressions for each reaction in Table A.1.  All reactions assume 
first-order kinetics with respect to each species involved.  Organic matter, H2, and pH are 



















































































































































































































Table A.3:  Combined reaction rate expressions.  Separate expressions were used to differentiate between the nitrogen isotopes.  
Uptake/adsorption was a sink term included to represent biological uptake of NH4
+
 and adsorption of NH4
+
 onto sediment surfaces.  Mn
2+
 was 
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